It is recognized that P25 is one of three polypeptide components of the fibroin synthesized in the larval silk gland (SG) of silkworm, having two glycosylated isoforms. In the present study, however, eight P25 isoforms were separated by proteomics, including two-dimensional gel electrophoresis of whole SG proteins, and were identified by the peptide mass fingerprinting method. Four of the eight isoforms were identified as Bombyx mandarina P25s, although the SG of Bombyx mori has never been considered to contain the P25 from B. mandarina. It is suggested that this diversity of P25 isoforms depends on phosphorylation modification in addition to glycosylation.
Silk proteins comprising fibroin and sericin are synthesized in the silk gland (SG). 1) SG is divided into the following three sub-organs: posterior silk gland (PSG), middle silk gland (MSG), and anterior silk gland (ASG). In the larva of the silkworm, Bombyx mori, fibroin is synthesized in the PSG, secreted into the lumen of the PSG, and associated with a sericin in the lumen of the MSG. The resulting silky fibers are secreted outwardly through the ASG, forming a cocoon. Fibroin comprises the heavy chain, the light chain, and the P25 glycoprotein (fibrohexamerin). 2, 3) These components are also distributed in other silk-producing insects, Bombyx mandarina, Dendrolimus spectabilis, and Papilio xuthus. 4) B. mori fibroin is formed in the following manner: a disulfide bond links a heavy chain with a light chain, yielding a dimer; six sets of the dimer are non-covalently attached to a molecule of P25 and form a [(H-L) 6 -P25] complex. 5) P25 has N-linked oligosaccharide chains, and its molecular size has 30 kDa and 27 kDa, depending on the degree of glycosylation. 5, 6) This encouraged us to examine the isoforms of P25 extensively in the course of our proteomic studies of whole proteins in the B. mori SG.
The synthesis of fibroin accompanies changes in molecular forms of component polypeptides. 6) Hence we had a question as to whether the distribution of P25 isoforms differs depending on the site within the SG.
In this study, we dissected the SG into six parts and extracted proteins from each part. Samples prepared in this way were separately resolved by two-dimensional gel electrophoresis and analyzed by the peptide mass fingerprinting (PMF) method, including in-gel tryptic digestion and matrix-assisted laser desorption/ ionization-time of flight mass spectrometry (MALDI-TOF MS). In an extract from the MSG, we detected a total of eight P25 isoforms, including six newly found. Four of the eight were unexpectedly the P25 isoforms of B. Mandarina. Further dephosphorylation analysis on P25 isoforms indicated that this diversity of P25 apparently ascribes to phosphorylation other than glycosylation.
Materials and Methods
Reagents, insect, and tissue dissection. Unless otherwise noted, all chemicals used were of the highest analytical grade. Pharmalyte Immobiline Drystrip (pH 3-10) and the IPGphor isoelectric focusing unit used for isoelectric focusing were from Amersham Pharmacia Biotech (Uppsala, Sweden). Reductively methylated porcine trypsin was of sequencing grade from Promega (Mannheim, Germany). Calf intestinal alkaline phosphatase was obtained from Invitrogen (Carlsbad, CA) and used without further purification. B. mori larvae of FL50 strain (yellow cocoon) maintained at the Institute of Insect Genetic Resources of Kyushu University (Fukuoka, Japan) were reared on mulberry leaves. SGs were dissected from the larvae at day 5 of the fifth instar, in 0.75% NaCl at 4 C. The SG was divided into the following parts: ASG, MSG1, MSG2, MSG3, MSG4, and PSG (Fig. 1) . 7) Every part of the SG was blotted on filter paper, frozen with liquid y To whom correspondence should be addressed. Fax: +81-92-621-1011; E-mail: Fujii@agr.kyushu-u.ac.jp Abbreviations: 2-DE, two-dimensional gel electrophoresis; MALDI-TOF MS, matrix-assisted laser desorption/ionization-time of flight mass spectrometry; PMF, peptide mass fingerprinting; SG, silk gland nitrogen, and stored at À80 C until use. According to the methods previously reported, 8, 9) C. After centrifugation at 15,000 g for 15 min, the supernatant was stored at À80 C until use.
PMF and dephosphorylation. All analyses were carried out in triply replicated experiments. PMF was done by the method previously reported. 8) In brief, protein spots on a 2DE gel were visualized by silver staining and analyzed by PDQuest software (Huntington Station, NY). In-gel tryptic digestion was done with reductively methylated porcine trypsin overnight at 37 C. The maximum number of missed cleavages allowed was 1, and the mass tolerance was set at 1 Da. Phosphorylation of serine, threonine, or tyrosine was also considered in searching. No limit was put on protein molecular weight or pI in the first run search, followed by the second or third search with the observed values of the molecular weight and pI.
On-probe dephosphorylation reaction was done by the method of Simpson. 10) In brief, alkaline phosphatase was added to a protein mixture on a probe, incubated at 37 C for 15 min, 30 min, 60 min, 120 min, and 180 min, and subjected to MALDI-TOF MS analysis. Any peptide whose mass decreases by 80 Da, or multiples thereof, is a phosphopeptide.
Results
As shown in Fig. 1 , the SG was dissected and divided into the following six parts: ASG, MSG1, MSG2, MSG3, MSG4 and PSG. 7) Proteins were extracted from each of these parts and resolved by 2DE in triple replicate. P25s were detected as stained spots within a range of molecular sizes between 30 kDa and 27 kDa. 5, 6) In the present study, any corresponding spots were undetectable in extracts from the ASG and the MSG1, and the extract from the PSG gave only faint spots (data not shown). On the other hand, eight spots showing molecular sizes of 30 kDa and 27 kDa were detected in each of the extracts from the MSG2 ( Fig. 2A) , the MSG3 (Fig. 2B) , and the MSG4 (Fig. 2C) ; these spots were numbered conveniently from no. 1 to no. 8 ( Fig. 2) . According to the pI values calculated, the no. 1-8 spots were grouped into P25-I, P25-II, P25-III, and P25-IV, having pI 7.14, 7.38, 7.70, and 8.05 respectively (Fig. 2D) . The molecular sizes of proteins corresponding to odd-and even-numbered spots were consistent with 30 kDa and 27 kDa respectively (Fig. 2D) . Gel pieces corresponding to 24 P25 samples were thus obtained. All of these gel pieces were separately subjected to PMF analysis, including in-gel tryptic digestion. In every case, MALDI-TOF MS gave a highly reproducible and clear spectrum. The error in mass was below 0.5-Da. The resulting profiles of mass spectra were categorized as type I or type II. Examples are shown in Fig. 3 : type-I spectrum of spot 3 ( Fig. 3A) , and type-II spectrum of spot 7 (Fig. 3B) Table 1 summarizes the results of analyses of the P25-II (spot 3) and the P25-IV (spot 7) from the MSG2. The analyses of spots 3 and 7 from the MSG2 gave 9 and 10 matched peptide fragments respectively. Possible modifications are also listed, including three putative phosphorylation fragments (34-44, 141-147, and 178-184). Although it was impossible to locate the phosphorylation site exactly in the present study, the number of phosphorylations can be suggested by the difference in tryptic fragment masses (phosphopeptides have a mass increase by 80 Da, or multiples thereof). Matched frag- Table 2 shows MS-Fit search results for spot 3 for the top five The MALDI-MS spectra obtained after trypsin digestion of the corresponding spots 3 (A) and 7 (B) from the MSG2 are shown. A 1 ml sample with 1 ml matrix solution of 10 mg/ml CHCA (cyano-4-hydroxycinnamic acid in 35% acetonitrile/0.1% TFA) (ratio 1:1) was used according to the pre-mixed air droplet method for acquisition of a mass spectrometric peptide map. The prominently different peak at 1535.21 (m=z) has the peptide sequence GQIPSQYEIPVFR, which starts at the site 50 to 62 of the deduced amino acid sequence of P25, taken from K. Tanaka et al. matches in the NCBInr.2005.01.06 database. Top matches 1 and 2 displayed B. mori P25 and B. mandarina P25 (Q9BLL8) respectively, with equal scores, matched rates, and coverages (28.0%). For the identification of spot 7, however, top matches 1 and 2 displayed B. mandarina P25 (34.0% coverage) and B. mori P25 (28.0% coverage) respectively. In addition, a four-fold difference existed in their scores (Table 3) . Based on these results, B. mori P25 and B. mandarina P25 were candidate proteins for spots 3 and 7 respectively. In the same way, all the other 22 spots from the MSG2, the MSG3, and the MSG4 were also analyzed. The average coverage of peptide sequences obtained by triple replicate analysis showed that the matches with B. mori P25 were 25.3% (spot 1), 17.7% (spot 2), 28.3% (spot 3), and 25.7% (spot 4); the average coverage of peptide sequences matched with B. mandarina P25 were 32.7% (spot 5), 30.7% (spot 6), 34.7% (spot 7), and 34.3% (spot 8). In conclusion, PMF analysis suggested that proteins belonging to P25-I and P25-II are B. mori P25, while proteins belonging to P25-III and P25-IV are B. mandarina P25.
The tryptic digests of P25-II (spots 3 and 4) and P25-IV (spots 7 and 8) from the MSG2 were incubated at 37 C with alkaline phosphatase, and time-dependent changes in their mass spectra were monitored, because relatively large amounts of these proteins were available. The enzyme reaction was done for 15-180 min. Mass spectra are shown in Figs. 5 and 6 for the four samples before and after phosphatase reaction. Figure 5 shows the change in spectra for two types of 30-kDa P25 isoforms: spot 3 of P25-II (Fig. 5A ) and spot 7 of P25-IV (Fig. 5B) . Within a 15-min reaction time, in mass spectra of spot 3, the peaks at 1,469.35 m=z and 1,525.47 m=z disappeared, and two peaks newly appeared at 1,149.30 m=z and 1,046.06 m=z. With extension of the reaction time, the two peaks that appeared became intensive and attained the highest levels at 1 h treatment by phosphatase. Following the reaction, the intensities of two peaks decreased (Fig. 5A) . On the other hand, the spectra of P25-IV (spot 7) changed insignificantly after 1 h (Fig. 5B) . The phosphatase reaction for 3 h did not affect the spectra of P25-IV (spot 7). Figure 6 shows the change in spectra for two types of 27-kDa P25 isoforms: spot 4 of P25-II (Fig. 6A ) and spot 8 of P25-IV (Fig. 6B) . The mass spectrum of spot 4 changed similarly to that of spot 3 (Fig. 6A) . On the other hand, the spectra of spot 8 changed insignificantly, independent of the duration of treatment by phosphatase (Fig. 6B) . In the dephosphorylation analysis of the four spots above, no mass shift was detected, or it changed insignificantly for the three putative phosphorylation fragments in Table 1 . Mass shifts (from 1,469.35 m=z to 1,149.30 m=z, and from 1,525.47 m=z to 1,046.06 m=z) were easily detected by phosphatase treatment of spots 3 and 4 belonging to P25-II. Comparative analysis suggested that the 1,469.35 m=z peak corresponding to the phosphorylated peptide fragment is shifted to the 1,149.30 m=z peak with dephosphorylation, and four sites of phosphorylation are contained in the fragment at the 1,469.35 m=z peak. It was similarly suggested that the 1,525.47 m=z peak corresponding to the phosphorylated peptide fragment is shifted to the 1,046.06 m=z peak with dephosphorylation, and six sites of phosphorylation are contained in the fragment at the 1,525.47 m=z peak. In conclusion, it is most probable that the two isoforms belonging to P25-II are phosphorylated and that those belonging to P25-IV are not phosphorylated.
Discussion
P25 from the silkworm B. mori is a glycoprotein containing Asn-linked oligosaccharide chains, and two differently glycosylated isoforms, 30-kDa and 27-kDa P25s, have been reported. 3, 5) The present study was designed to shed further light on the distribution of P25 isoforms in the B. mori SG. We dissected six parts of the SG, extracted proteins from them, and separately resolved the proteins by 2DE in triple replicates. As a result, eight spots speculated to be P25s were clearly detected upon 2DEs of proteins from three parts of the MSG: MSG2, MSG3, and MSG4. All these spots, 24 in all, were further analyzed by the PMF method, including in-gel tryptic digestion, MALDI-TOF MS, and a database search. We found that there are eight kinds of P25 isoforms and that the P25 isoforms are similarly distributed in extracts from the MSG2, the MSG3, and the MSG4. The isoforms were composed of four pairs of 30-kDa and 27-kDa P25s. Based on electrophoretic mobility, the pI values of these pairs were different from each other, ranging from 7.14 to 8.05. In the present study, we distinguished these pairs by naming them P25-I, II, III, and IV. In summary, P25-I, II, III, and IV were moved to the positions at pI 7.14, 7.38, 7.70, and 8.05 respectively by electrophoresis. Each of P25-I, II, III, and IV comprised 30-kDa and 27-kDa polypeptides. The MSG2, the MSG3, and the MSG4 were the SG parts suitable for extraction P25 isoforms. Their suitability might be dependent not only on the content of P25, but also on the aspects of the molecular state of P25, such as solubility.
In the present study, it was the most notable that the B. mandarina P25s are present in the B. mori SG. Based on the results of 2-DE and MALDI-TOF MS, we confirmed that the difference in sequences between B. mori P25 and B. mandarina P25 is a single amino acid substitution. The P25 gene was elucidated not only in B. mori [11] [12] [13] but also in B. mandarina. 4) Deduced amino acid sequences of P25s between B. mori and B. mandarina differ in only one residue (Q or R) at position 62, which was caused by a single base change (CAG or CGG). 4, 5, 11, 12) It is noted that there is one discrepancy between the B. mori P25 sequence in the database (SWISS-PROT: P04148; NCBInr: A25513) and the sequence reported previously. 5, 11, 12) In the database, there is another residue (Q or H) difference at the site of 219 between B. mori P25 and B. mandarina P25. We carried out a comparison of peptide mass fingerprinting analysis of the database B. mori P25 with that of the reported B. mori P25 sequence, using the MSdigest analysis tool on the ExpPASy server to cleave the P25 sequences. No significant difference existed in the results of identification. So the reported B. mori P25 sequence 5, 11, 12) was used in the identification and dephosphorylation analysis.
It is reasonable to suppose that the single residue substitution results in higher pI value of B. mandarina P25 (near the alkali side of 2-DE gel) than that of B. mori P25 (near the acid side of 2-DE gel), and that one more peak corresponding to the peptide fragment, GQIPSQYEIPVFR (at the site of 50-62), is detected only in a mass spectrum of B. mandarina P25. This prediction was consistent with the experimental results. It has generally been thought that B. mori P25 and B. mandarina P25 do not coexist. Recently, we completed proteomic analyses of P25s in B. mandarina and a number of B. mori strains, including various mutants. The results indicate that B. Mandarina P25s are present in some strains of B. mori, but absent in other B. mori strains (unpublished results).
It has been reported that P25 proteins are conserved among silk-producing insects in the order Lepidoptera. 4) As for B. mori and B. mandarina (family Bombycidae), homologs of P25 have also been identified in fibroin samples of two distantly related species D. spectabilis (family Lasiocampidae) and P. xuthus (family Papilionidae).
4) The putative translation products show about 50% overall identity, respectively, with those that of B. mori P25. 4) But, the anti-P25 antibody against the 25-residue-long hydrophilic peptide of B. mori and B. mandarina P25 did not react with either the P25 homolog of D. spectabilis or that of P. xuthus, because of the large difference in the primary structure. 4) There has also been a shortage of 2-DE studies of SG in D. spectabilis and P. xuthus, so we cannot take advantage of B. mori P25 isoforms to make a comparison or contrast with P25 homologs of D. spectabilis or P. xuthus. In addition, we have not found any isoform of D. spectabilis P25 or P. xuthus P25 in the identification of B. mori P25 isoforms. Peptide mass fingerprinting results suggest that half of B. mori P25 isoforms come from B. mandarina, which belongs to the same family, Bombycidae, as B. mori in evolution. Hence we deduce that there is no direct relationship between B. mori P25 isoforms and P25 homolog of D. spectabilis or P. xuthus.
In the present study, it was suggested that phosphorylation is responsible for the diversity of B. mori P25 isoforms, in addition to glycosylation. Glycosylation of B. mori P25 is involved in the maintenance of the fibroin complex, 5) and is considered to be a sort of molecular chaperone preventing denaturation of H-chains.
6) Similarly, what is the function of the phosphorylation of B. mori P25? As we know, fibroin is extremely waterinsoluble. There are unknown mechanisms that make silk proteins assemble, secrete, and transport efficiently in vivo. It has been reported that the phosphorylation of P25 of spider dragline silk inhibits the assembly of the -sheet of its silk protein and then enhances the water solubility of the protein in vitro.
14) Phosphorylation of B. mori P25 might therefore play a critical role in assisting the assembly and especially the efficient secretion or intracellular transport of fibroin.
MS is increasingly becoming the method of choice for non-radioactive phosphorylation analysis. For MS analysis of phosphoproteins, MALDI-TOF-MS has proven to be very useful because it is one of the most sensitive methods for the detection of phosphopeptides after appropriate enrichment or phosphatase treatment of the protein sample, and it is fast and relatively easy to perform.
10) The most significant problem encountered in phosphorylation peptide mapping analysis is obtaining sufficient amounts of sample. 10) This also caused us not to complete phosphorylation analysis of P25-I and P25-III. Because the appearance of multiple spots of the same protein, with the same molecular weight but different pI values on 2-DE gels, is mostly due to the post-translation modification of the phosphorylation, 10) we can speculate on the state of phosphorylation in P25-I and P25-III: their phosphorylation levels decrease from P25-I to P25-III, according to observation of their positions on 2-DE gel. Additional experiments, such as phosphatase treatment, 10) are required to confirm the presence of phosphopeptides. On the other hand, for P25-II and P25-IV phosphorylation analysis, not all signals of dephosphorylation peptides were detected, especially for those weak signals undetected by MAL-DI-TOF MS. It is also notable that the in vivo phosphorylation state of P25 is more complicated than that the described above. As we know, phosphorylated proteins can be present in cells at very low concentrations, and the stoichiometry of phosphorylation at a given site is low, i.e., only a small fraction of the population of molecules of protein is phosphorylated at a particular site. Actually, multiple differentially phosphorylated forms of a protein exist, which also complicates phosphorylation analysis. In addition, both additional modifications and nonspecific enzyme cleavages give rise to unexpected peptide masses. 10) The present analysis of P25 phosphorylation has involved only detection and identification of the B. mori P25-II and P25-IV phosphorylated peptides in a complex mixture of tryptic digestion. This is sufficient to detect and identify the phosphopeptides using the peptide mass fingerprinting (PMF) strategy. 10) But, it was difficult exactly to localize the phosphorylation sites of B. mori P25 in the present study. A comprehensive phosphorylation analysis requires detection and exact localization of the phosphorylation sites of B. mori P25, such as MS/MS experiments and phosphoproteins detection by western blotting.
In conclusion, eight kinds of P25 isoforms newly found were classified into four groups based on mobility upon isoelectric focusing. Each group comprises two isoforms having slightly different sizes: 30 kDa and 27 kDa. Two groups were from B. mori, and the other two were from B. mandarina. Two isoforms from B. mori were confirmed phosphoproteins.
